__UNCLASSIFIED
10 274 007

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

~ UNCLASSIFIED




NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U, §.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have fomzlated,', furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.




LTSRS e

e
b
5
i;!ﬁ
%
.3
&
&

" Afosp A32/ Gat A
NOX

\

) ~ | I~
pay ISTITUTO ELETTROTECNICO NAZIONALE GALILEO FERRARIS =
< Corso Massimo d'Azeglio 42 ~ TORINO ( Italy ) e
<t '
Do -~
[~ ] g

b
- "ﬂ X

SUMMARY
#&l4dk REPORT - Part A.

CONTRACT s AF 61 (052)- 328,

December 1961

OBJECTIVE OF THE WORK : Study of electronic traps in dielectrics

by thermoluminescence.
AUTHORS : G.Bonfiglioli, P.Brovetto,C.Cortese.

TITLE : " Apparatus for Thermoluminescence ",

AL“;‘\"‘J\" 1l 'l:‘\
L

The research reported in this document has been sponsored by
the OFFICE OF AEROSPACE RESEARCH , UNITED STATES AIR FORCE ,
through its European Office , under Contract AF 61(052)-328;

\0“6

b

0

d



] ‘

SUMMARY :The detailed description is given of an apparatus for
thermoluminescence ( above room temperature i.e. up to about
350°C), having the following peculiar features: the linear rate
of warming 1s obtained through a cam - actuated Variac transfor-
mer ; the light detection makes use of phase rectification;the
apparatus is provided with a special furnace for recording "glow
current curves". The possibility of rendering "flat" the spectral
' A through
a composite filter is investigated and the method of calculating

response of the photomultiplier

such a filter is developed. The performances of the apparatus

IoshaiTte satisfactory , im-sptte—OY THE TETHET ZTNpIETd-—Te-
‘lativedy—unexpensive—corstructton 0T €ach DArt.”

Thermoluminescence is becoming a method of increasing interest
for the investigation of certain electronic properties of diele-
ctrics - as is shown by the growing amount of literature on this

(1)

The technical and experimental problems with which one is

subject.

faced when using this method are by no means trivial and a very
careful design is necessary to obtain results significant and

(1) For a bibliography on the subject spoken of which is rather
extensive although not complete, the reader is referred to seve-
ral Technical Notes by the same Authors , issued under ARDC Con~-
tracts No. AF 61(514)-1333 , No. AF 61(052)-328 and to the Pro-
ceedings of the International Conference on Color Centers and
Crystal Luminescence , Torino , Sept. 1960, published by the
Istituto Elettrotecnico Nazionale Galileo Ferraris.
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free from errors which are often difficult to detect.(Z)

On the other hand, detailed descriptions of thermoluni-
scence equipments are lacking since usually several delicate points
are not fully explained. Last not least, the amount of electronics.
usually employed both in piloting the linear rate furnace and in
light detecting is relatively complicated and expenéive.

This paper describves an apparatus which features some
not quite usual design, achieving very good performances at a mo- '
derate degree of complication and cost.

A block scheme of it is shown in Fig. 1

Photomultiplier Head with photomul. ref. Amplifiers and
power supply cell and chopper phase rectifier
Furnace with sample  —

Temperature and
1light ( double )
recorder

Linear rate power

supply

Fig. 1.

A general view of the apparatus is shown in Fig. 2.

(2) A striking example of such a type of error is stressed in
D.R. lewis, T.N. Whitaker, C.V.Chapman, Ann. {ineral., 44,1221
(1959) at the pg. 1127.



A)- FURNACE AND ITS SUPPLY.
The furnace has been so designed as to achieve a high

degree of temperature uniformity of the specimen.

The measurement of the (instantaneous) temperature is
performed by a thermocouple located within the light collecting
pipe, which is capable of giving very accurately the temperature
of the emitting surface of the sample (which is usually a single
crystal of five to thirty cubic millimeters size).

Fig. 3 shows the details of the construction.

The maximum power of the furnace is around 150 Watt, as
requested for a maximum temperature in the neighbourood of 350°C,
Fig. 4 shows the circuit which supplies the power to the furnace
and in Appendix A are given the calculations of the cam used to
achieve a linear rate of warming.

It is to be emphasized that this method was chosen not
es much for economy reasons, as rather because glow curves are
very sensible to the derivative of the warming speed . In fact
it was our feeling that electronic regulation systems are like-~
ly to give control of the average speed of warming, perhaps very
accurate but not sufficiently "smooth".

Fig.5 shows the record of a typical linear run of our apparatus,
still uncorrected for the thermocouple response.

The degree of linearity achieved (once corrections for
the non linearity of the chromel-alumel element are allowed for
is of ¥ 1% within the whole range of temperature covered in a
run.

Different speeds of warming are possible .( down town 0.2C/sec)
changing the small motor and the cam. The temperature is recorded
‘on a channel of a conventional two pens recorder (Siemens mod.
©22P7-79), which incorporates a transistor amplifier (full scale
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deviation ¢ 100 mm. corresponding to 6 mV, A shﬁnt was used to
extend this range to about 15 mV).

A') - THE FURNACE WITH ELECTRIC FIELD.

Fig. 6 shows a second furnace, to be used in conju-
ction with the same equipment spoken of and to be supplied follo=-
wing the same method described above. It is t0 be employed when
recording so called "glow current curves" , that is curves of ele~
ctrical conductivity ve ( linearly growing ). temperature.

‘ Some references of investigations performed through
glow current curves are listed in footnote(3).

This furnace has been so designed as to fulfill the
following requirements: good uniformity both of temperature and
of electric field inside the specimen; possibility of simulta-
neous light detection; very high insulation, resisting to high
voltages ( up to 15 KV ) with negligible leakage currents.

Fig. 6 clearly illustrates how the above requirements
have actually been met in present design.

B) ~ THE PHOTOMULTIPLIER HEAD.

Fig. 7 clearly shows the construction of the head
which locates the photomultiplier , the reference Selenium pho-

(3) P.Dutton,R.Maurer, Phys.Rev. 90, 126 (1953)
G.Chiarotti,N.Inchauspé , Phys.Rev. 109, 345 (1958)

A.A . Braner, A.Halperin, M.Sieger,Proc. Int.Conf. on Color Centers
and Crystal Luminescence, Torino, Sept. 1960; published by the
Istituto Elettrotecnico Nazionale, pg. 46 ff.
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tocell , its (24 V, 0.12 A) illuminating lamp, the rotating chop-
per and the synchronous motor driving the latter.

A serles of different photomultipliers was used according
to the particular problem, as for example: a DuMont 6291 , 10 sta-
ges, S 11 response for visible spectrum and medium-low sensitivity;
or a DuMont X 1306 , S 13 response and quartz window for UV; or a
DuMont 6911 for infrared - according to the problem dealt with,
But, when possible, an RCA 6810 A(14 dynods, S 11 response) was
used , to achieve the highest possible sensitivity.

The photomultiplier is supplied by a conventional stabi-
lized power supply capable of delivering 15 mA between 400 and
3000 V , with a stability degree of + 3.10"% against network vol-
tage fluctuations up to + 10%. The two outputs of the photomlti-
plier and of the Selenium cell are fed to separate amplifiers,fol-
lowed by a phase rectifier. About this last point, we must remark
that the rectified output obviously depends upon the relative pha-
se of the signal and the reference input. This phase can be varied
within fairly large limits by mechanically displacing the reference
photocell along the periphery of the chopper disc , untill the ma-
ximum rectified output is ovtained . The details of the construction
can be seen on Fig. 7.

C) - THE CIRCUITRY.

Fig. 8 shows the complete scheme of the circuitry. The
preamplifier and cathode follower unit ( gain 50 ), located within
the photomultiplier head, is used only with low gain phototubes ,
and it is disconnected when 6810 A tube is operating.

The chopper light signal is then fed to the amplifier ,
which consists of two conventional RC coupled stages , giving a
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gain of 30. The reference signal voltage, on the other hand, is
amplified through a resonant capacitor-transformer circuit and
then fed to a cathode follower, resulting in a voltage of 2 X 15 V
peak to peak.

After phase rectification , the rectified output goes to
a vacuum tube voltmeter, which in turn drives the second channel
of the ( Siemens) recorder. |

The phase rectification unit is based on a well known
bridge circuit with two non-linear elements on two opposite arms
(actually, Ge diodes, OA85).The principles of its operation can
be found in the literature(4), and can be substantially summari-
zed in the fact that the zero frequency beat between the two syne
chronous signals ( of the photomultiplier and the Selenium cell)
is made use of. One big advantage obviously consists of the fact
that only the chopped frequency ( actually 240 C/sec ) signals
are detected , cutting off in a drastic way all the disturbing
components of different frequency due, say, to phototube noise,
ac ripple etc., But, maybe the most important feature offered by
this method is that it is particularly suited to give an output
strictly linear vs. the amplitude of the input signal, no matter
whether very small or rather large input voltages are involved.
This is a point which cannot be overemphasized in T.L. experi-

ments , were very often accurate ratios are wanted of the height

( or areas) of glow peaks of widely different magnitude.

(4)L.I.Parren,Wireless Eng. 23, 330 (1946)

R.H.Dishington,Proc.IRE 37, 1401 (1949)

S.Krishnan,Electronic and Radio Eng. 36, 45 (1959)

S. Krishnan, R.Chidambaram, Electrical zud Radio Eng., 36,314(1959)



-7 -

D) - " FLAT " RUSPONSE OPTICAL FILTER.

A further point which has been considered is related to
the circumstance that the light emitted by the sample during the
growth of its temperature has a varying wavelenght.

In particular, the wavelenghts belonging to various glow
peaks are generally not the same. Since the current response of
the phototube is not uniform vs. the wavelenght of the incoming
light , this obviously implies that the areas subtended by two
recorded glow peaks are not in the same ratio as the number of
luminophor centers which have recombined with emission of photons.
Sometimes the wavelenghts of these photons are known from inde-

(5)

the photocathode is also known, it is possible to perform the cor-

pendent measurements ,and in this case, once the response of
rection. But very often these data are lacking, and the analysis
of the glow curves is severely handicapped.

This is the reason which pushed us to consider the pro-
blem of building a composite filter capable of "flattening" the
response of the phototube over a substantially wide range of wave-
lenghts. '

This seems actually possible, with the sacrifice of rou-
ghly a factor of 3 in sensitivity, using commercial phototubes
and filters. Since the construction of such a filter has not yet
been carried out, we limit ourselves to derive, in Appendix B ,

a method suitable for its calculation, letting to a future Report
the description of the experimental results.

(5) Cfr. for example: G.Bonfiglioli,P.Brovetto,C.Cortese, Phys.
Rev. 104, 951 and 956 (1959).
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It is to be remarked as this point that, to use such a filter ,
requires that the sample be a point source of light. This compel-
led us to keep rather large the distance between the sample and

the phototube, with some sacrifice in sensitivity.

E) - PERFORMANCES.

The performances of the apparatus have proved satisfa-

ctory. Fig.1l0 shows the overall linearity of the setup, by a curve
'whose ordinates are the recorded output signals while the abscis-
sas represent the amount of light( white light from a tungsten fi-
lament lamp) reaching the cathode of the phototube.(6)

It can be seen that a rough linearity is obtained up to
rather large signals,say, 2/3 of the full scale deviation of the
Siemens recorder (1,6 V) . Fig. 11 shows another curve having the
same meaning a the previous one, since it is actually nothing else
than the initial portion of the curve of Fig.l0 obtained with a

(6) A simple device , well visible in Fig. 9 has been used to ob-
tain different amounts of light whose respective ratios (not the
absolute values) are known very accurately. It consists of a sour-
ce of light equipped with a scrcen carrying a number of holes,which
can be left open or alternatively can be obtured with screws.
When, say,two holes are left open , the passing light is the sum

of the lights passing when one or the other hole is open. Using

a certain number of such combinations and measuring the correepon;.
ding outputs, one can easily obtain a graphical representation
input/output 1like that of Fig. 11 - without the necessity of an
absolute calibration of the source of light.
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different recordepy of higher sensitivity.(7) The full scale de-
viation of Fig. 11 corresponds to 1/2 the full scale of Fig. 10.

The linearity within this restricted range is now sati-
sfactory.

The reduction achieved in the noise level is evidenced
in Fig. 12, where the oscillogram éhowa the superposition of the
noise to a signal picked up before the rectification stage, while
the pen-recorded curve represents the corresponding de output.

The gain in signal to noise ratio is clearly very great.

" Fig. 13 finally shows as an example the record of a glow curve,
from a NaCl sample irradiated with X rays , and scanned at about
0.2 °C/sec.

The sensitivity of the thermoluminescence apparatus 1is
obviously limited by the residual level of noise after rectifica-
tion -~ which depends in turn on the phototube used, its temperature
( room temperature in present setup), its operating voltage, and
80 on.

To quote some definite figure we can say that a cristal-
line sample of NaCl of 70 mg. , irradiated with roughly 1016 P-cen-
ters/cm>, and scanned at the lowest speed of 0.2 °C/sec, furnishes

(7) This is a Graphispot from Séfram(Paris). It is a combination

of a sensitive mirror galvaaometer equipped with variable calibra-
ted shunt, with a split photocell servomechanism operated by the
galvanometer spot and carrying recorder pen. In this way high acocu-
racy (0.5%), high sensitivity (up to 1 mV for 250 mm. deviation)
records can be obtained of the phenomenon investigated. The fide-
1ity is also high, since the system is able to respond with sensi-
ble deviations to signals varying with time at much faster rates
than actual 7T.L. signals,
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a glow peak at about 400 °C ( it is the biggest one ) whose am-
plitude is about 100 times the noise. From this figure the limit
of sensitivity can be estimated in a way suitable for practical
use.,

It can finally be observed that in our setup the distance
between the sample and the photoeafhode is rather large (60 cm)
and could be reduced if necessary where would a higher sensitivity
be required. One of the reasons of this considerable distance has

been mentioned in paragraph D.
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AP OPIoNDIX A - Project of the cam,

Let us consider a tIhermal capacity C of a material with an infi-
nite thermal conduc~:tivity. This is in fact the approximate assum-
ption under which tX:he present cal;:ulation has been carried out,
and which besides ex xperiment has proved to give a largely suffi-
cient accuracy.

If a thermal - f£lux linearly growing vs time is generated
within our thermal o capacity , say: '

$(t) =« g (1 +at) (1)
the temperature T wX+i1ll be ruled:-by the following equation:
C 4T = éar - x(T-1,) ' (2)

where K stands for ¥ the external thermal conductivity , and T,
for the ambient tempperature. Through eq.(1l),eq.(2) becomes:

$o

ar/at = (1+at) = =E— (T -1, (3)
C c
It is very easy to vverify that :
T = T, + Bt (4)
is a solution of these eq. (3), provided:
to = CB (5) ; a¢, = KB (6)

Let us remark that t#the flux ¢ (t) is now given by
¢(tX) = B(C + Kt) (7)

80 that a sudden varmiation of the main supply voltage , multiply-
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ing by a constant factor the thermal flux, produces the same ef-
fect on the warming rate (.

To obtain ( experimentally ) the values of C and K, which
must be known in order to calculate the profile of the cam, it is
sufficient to remember that eq.(3) tells that the cooling ldw of

the thermal capacity C from an initial temperature T, down is gi-

i
ven by:

o

T o= T+ (T, -1D,)e (8)
The ratio K/C can therefore be measured rather easily and with
sufficient accuracy, whilst C can be evaluated at least approxi-
mately through the weights and the chemical composition of the
furnace.

Clear enough, to obtain, through electrical resistors,

a law like (7) , we shall make use of a voltage having a costant
part, as well as an increasing one. Being

2
pt) = V&) (9)
R

by the Ohm's law,( where R stands for the resistance of the fur-
nace wiring, assumed constant), it follows:

v(t) = mec 1 0+ —-lé—t (10)

The initial voltage being:

v, =\J§Ec_ (11)

eq. (10) becomes:



V(E) = Vo1 4 —Ft (12)

Such a result can be obtained through the circuit of Fig. 14
provided the law of the movement of the second Variac transfor-
mer is suitably chosen.

Vm y the maximum voltage , depends on the maximum tem-
perature desired Tm through the equation:

T
v_=vo\ﬁ+-§.-r"‘- (13)

Along the sliding contact of the second Variac transformer the
voltage should vary according to the law:

v(t)

vo(V1+-§-t-1) (14)

therefore the angle O (t) of rotation of the same Variac is
given by the equation:

v
0(¢ =__!.££l_ = %] 2 I- Kt_l
(¥) V- v, o m v'v°l_ M
n n
(15)

where‘ Om stands for the maximum allowable angle (somewhat less
than 2 W ,of course).

To pilot the rotation, we used a cam and a flexible
steel wire, coupled to each other as Fig. 14 shows.

Under these conditions we must have, if r stands for
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the radius of the drum connected to the Variac transformer:

r—g—s- = (¢ )w (16)

if W stands for the (costant) angular speed dY /dt of the mo-
tor which drives the cam. This equation and (15) give, for the
searched function p(Y): '

B
p (¢) = (11m)
VI + At b
that is to say:
Po
P (y) = (18)
\rl + Tﬁ— tf
where we have put:
A = %— (19)
K
B = r Om \
2Cw (Vv -V,
(20)

Pos the initial radius of the cam, can usefully be connected to
the condition that the cam moves, for example, 3/4 of 360°, whi-
le the Variac transformer rotates of the angle @ m That is:

3T/2

0, Y = rb (21)
A

o V1v 2y




- 15 -

which yields:

r 9
by = L - (22)

-3-‘-'-’(\[1 + —3—-%3!-1)

A

Putting the right member of this equation equal to the right
member of eq.(18) and using eq. (20), we obtain finally:

w = 4 (23)
- |

which determines the angular speed of the motor.

Resuming ,given the furnace, that is C,K,R the wanted
warming rate f , the maximum temperature Tm s the initial tem-
parature T,, the maximum allowable rotation of the second Va-

riac Omk, and the radius r of the Variac drum , we get:

Vo = VEGC
\’ T
K n

remeK

<
"

Po =
31"(50(\’1 +T-1)
p(?)- Po / f
\Il.+ -%— {5—
_ 3T
W o= B/Tm

which solve the problem completely.
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APPENDIX B - Calculation of the flat response optical filter

Let us assume that on the surface element dxdy of the photocathode
impinge N, dxdy photons of wavelenght A . The corresponding elemen-
tary photocurrent will be j(A, x , y)dxdy.

Let us assume further that the total area A of the photoca-

thode be subdivided in partial regions of areas a,, each covered

with a filter of trasmittancy?® i(lk), being furthe:: agreed that
t‘o(ﬂ) = 1, meaning that the surface a is not covered by any fil-
ter. If it occurs that two filters , t'r(A) and ‘cs(r() overlap ( we
exclude overlapping of more than two filters) the overlapped area
will be labelled LI

For sake of simplicity , from now on , we consider in detail

the case of two filters only, whereby:

a+a+32+a12=A (1)
If now a light of spectral distribution I(A) (evaluated in number
of Rhotons) impinges on the photocathode , screened by the filters
as just explained, the photocurrent coming from the element dxdy

belonging to the area ay will be:

I(A) 't'i(A)

j(Ayx,y) dxdy =
N4
Integrating on the whole arca, we get the total current:

ff j dxdy + tl(A) j dxdy +
18 f.

i(A) =

I(A)
Ny
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+T:2(A) ff j dxdy + ‘Cl(K)‘Cz('() j dedy} (2)
. a, 812

Now, our problem can be stated as follows: with a given number
of filters( 2 in our case ) and a given number of regions of the
cathode ( 4, in our case, a free one, a, two covered by one fil-
ter each, al, and a, and one covered by both, a12), to determine
the values of the four areas( of which 3 only are independent,as
prescribed by eq.(l)) in such a way as to obtain a current i ap~-
proximately independent of A ,that is to say, we want:

x = i(R)
I(A) N,

to be a quantity approximately constant vs A .
The explicit expression of X is:

x=K jda+tlff Jdal+tzf J da, +?1té/3d.12
a, 28, )

812

(3)

To solveour problem, something must be known about the function
j(A,x,y) and we will make the position:

ik, x,y) = q(A) e (x,¥) (4)

This corresponds to the assumption that the spectral response
of the photocathode is uniform on its whole area, whilst the
sensitivity varies from a point to another( tre central region
being usually the most sensitive).

From eq.s(1) and(4) , eq. (3) can be written?
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x =¥ (A j da -(1-&)[ a -
Y Ap 1 . e da,y
, 1
-(1-t2)£ pdaz-(l-tl?2) ﬂ pda,lz]
12

2
(5)
Since the first integral is actually a constant- let us call it
M <~ through the following positions,

X [a"dal

1
T = 3 __r_ = "ll
( p da p da
a2 2 le 12
= = (6)
» Mo 3 ¥ 12
we obtain:
$-9 [1 (1= M- (1= T, - (173 z':e)"(rz]
(7)

This equation will be used to find the values of "'ll' "2"’112
and then, being p (x,y) a known function , the values of the
areas 8,y 8,y 8,, - 8 being deduced from eq. (1).

Eq. (7) is of the type:

lS=1"(";"]1: Mo Myy) (8)

where the dependence on A 1! 'nz, "]12 is linear.
There are several ways of making use of eq.(7) . The simplest
one is to choose 4 wavelenghts, say, '(a’ AB. A‘,, '(g and to put:
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F( AB; My Mo 0\12) = ¥ A‘ M1 Mo ﬂlz) (9)

POAys My Mo Myp) FlAg im0 Mo M)

Eq.s{9) form a system of linear non omogeneous equations :ln'ql,
M o1 M,, and then ,given the arbitrariness of choice of '(a’
Ag? A‘,, As, they are certainly compatible , since the deter-

minant of the coefficients can always be made non vanishing.

Another way, which can furnish a better solution stands
on the application of the method of least squares.

Let us consider n wavelenghts A N (1 =1,2,3¢0.. 1)
and the squared differences

2
A, =[.3" POA "11"'12”‘12)] (10)

We shall assume as the "best" values of the unknowns those for
which Z A, is a minimum, This criterion yields: ‘

o i
= - Y FK,)
Z [F(Ai;nl’ Moo '"12)‘{ 3 1 = 0 (n,‘)
1
~ - 3]‘(&1) _
- L vk .
- }F
Z. F( Aii Ny Moo ”(12) - xﬂ 3 1 = 0 {11 e)
v - - ”‘12
| 1
F(A M, M, - = 11 4
JLF O M Mg M) L 0 (11 a)




- 20 -

Eq.n. (lla) prescribes that the sum of the squares of the dif-
ferences should be a minimum also vs. x . In fact, the "best"
obtainable minimum can be got letting unknow also the value ot.z
and imposing the "best" constancy of the function F in the afo-
rementioned sense.
Eq.n. (11 a) can be written explicitely:

n

Zi{q (A) [1 -(1-ZMm,-(1-T )M, -(1 -‘tl'tz)nlz]-}}

1

gy @k (1-17,)

0 (12)

that is :

{niuﬁ(ﬂi) (1-1')? {Zq (A)(l-z.)(l_ },(2
1

+{Ziqz(1- T, (1 ?}"?12 {E qh) Q- 't)}_'{
Zq () (1-7) (138)

Eq.s. (11 b), and (11 d) lead to equations perfectly analogous
to eq.n(13 a) - and can be written at once, what we will not ma-
ke for sake of brevity.

Now, if p(x,y) = const., it would be straightforward to
deduce from the values of the~li the values of the partial areas
a, . Otherwise, the evaluation of the a

i i
form of the function p and upon the geometry of the problem,which

depends upon the actual

is to be fixed a priori through practical consideration. A geometry
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which has been considered for our experiments is shown in Fig. 15.

812
\
T,
32\ N
i
a, \L
\-J )
\
Pig. 15.

and a reasonable form for p(x,y) can be for examples

p = C exp [} a (x°+ !2i]

The detailed calculation relative to this choice will be given
together with the'experimental results , when the application
to a practical case will be reported.
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